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In this study, we explore the association between three branch-length metrics and 1 0 2 estimates of tree topology across a collection of 34 phylogenomic data sets. When examining 1 0 3 individual data sets, we find that the tree length is not the best predictor of phylogenetic 1 0 4 information content among genes. Across the 34 data sets, we observe an association between 1 0 5 the performance of phylogenetic inference and the variation in root-to-tip distances. 6 Phylogenomic studies are likely to benefit from considering the heterogeneity in rates across 1 0 7 lineages for describing the signal of tree topology across loci. We collected a set of 34 phylogenomic data sets covering a wide range of taxa and data 1 1 1 types (Table 1) , including intron and exon regions, ultraconserved elements, and anchor-enriched 1 1 2 regions. The original studies varied widely in their treatment of these data sets. For instance, 1 1 3 some studies considered the trees from each of the codon positions of protein-coding genes 1 1 4 independently. We followed the data treatments used in the original studies so that our analyses 1 1 5 would reflect the approaches that have been used in practice. For each data set, we inferred the phylogeny using IQ-Tree (Nguyen et al. 2015) with the 1 1 7
best-fitting substitution model from the GTR+Γ family. We then identified a set of gene trees 1 1 8 from each data set that contained the same set of taxa. The taxon set was selected to maximize 1 1 9 the product of the number of taxa and the number of genes, while maintaining full occupancy of 1 2 0 the data matrix (for details see github.com/duchene/branch_length_influence_topology).
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We calculated three test statistics that described the branch-length signal in each gene 1 2 2 tree. These statistics included: (i) the coefficient of variation (CoV) in distances from the 1 2 3 midpoint-root to the tips, which provides a measure of rate heterogeneity across lineages; (ii) tree 1 2 4 length calculated as the sum of all branch lengths; and (iii) tree stemminess (Fiala and Sokal 1 2 5 1985). In addition, we calculated for each gene the mean of the statistical support across 1 2 6 branches, using the Shimodaira-Hasegawa-like approximate likelihood-ratio test (aLRT; We assessed whether the four branch statistics could explain two different measures of 1 2 9 the accuracy of tree topology estimates. The first measure was the topological distance from the 1 3 0 species tree as estimated using a multispecies coalescent analysis in ASTRAL-III (Zhang et al. between the phylogenetic signal in each gene tree and the underlying species history. The second 1 3 3 measure of accuracy was the mean topological distance between the gene tree and all other gene We used multiple linear regression to test whether the two measures of topological 1 3 9 accuracy are explained by the four branch statistics. For each of the two response variables 1 4 0 (topological distance of the gene tree to the species tree and mean topological distance to other 1 4 1 gene trees), we first tested a model that included the complete data set of the genes from across 1 4 2 the 34 studies (N = 36,075). We included the four branch statistics as explanatory variables in the 1 4 3 regression models. Since we aimed to identify the correlates of phylogenetic signal within each study, we 1 4 5 attempted to account for the differences across studies in their results and their sample size. We 1 4 6 included a random factor in each regression model that indicated the source study of each gene, 1 4 7 this way accounting for the differences in patterns that might occur among studies. In this large 1 4 8 model, we corrected tree length for the number of taxa by dividing it by the number of branches in the study (leading to the mean of branch lengths) to make the values fall on a similar scale 1 5 0 across studies. We also explored the model when weighting each gene by the number of taxa in 1 5 1 8 its source study, such that studies with a greater number of genes have a greater contribution to 1 5 2 the model. To focus further on the results within studies, we performed a second set of regression 1 5 4 models where each study was examined independently. For each study, we tested whether our 1 5 5 two response variables were explained by our four branch statistics. Therefore, this second set of 1 5 6 analyses included two regression tests for each of the 34 studies that we examined. Tree length 1 5 7 was left uncorrected for the number of branches in the regression models for individual studies. The regression analyses that included the 34 complete data sets showed that some of our 1 6 1 explanatory variables had a significant association with both measures of topological accuracy 1 6 2 (topological distance to the species tree and topological distance to other gene trees; Fig. 1 ).
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Specifically, we found that topological accuracy has a positive association with the CoV in root- to-tip distances, and a negative association with mean aLRT branch support ( Fig. 1 ). Mean aLRT 1 6 5 branch support had the strongest association with both topological distance to the species tree 1 6 6 and to other gene trees. Strikingly, we find limited evidence for an association between 1 6 7 topological accuracy and tree length or stemminess. Results were comparable across regression respective studies ( Supplementary Fig. S1 ). The regression models that explored individual data sets supported the results from our 1 7 1 larger regression models. Only a small minority of data sets showed an effect opposite to those 1 7 2 observed for the CoV in root-to-tip distances and branch support. Meanwhile, there was 1 7 3 substantial variation in terms of the association between topological accuracy and tree length or 1 7 4 9 stemminess. As expected, the results of individual regression analyses showed greater t-statistics 1 7 5 (smaller P-values) for data sets with large numbers of genes than for data sets with few genes. The t-statistics were comparable among regression models with each of the two measures of 1 7 7 topological accuracy ( Supplementary Fig. S2 ). each gene tree to all other gene trees. The legend lists the source studies in ascending order of 1 8 3 number of genes in the data set (see Table 1 for details). Our analyses of a collection of phylogenomic data sets have shown that low variation in 1 8 7 root-to-tip distances and strong branch support in gene trees have a strong association with 1 8 8 phylogenetic accuracy. Strikingly, tree length is a poor predictor of the accuracy of topological 1 8 9 inference across gene trees. This is surprising because tree length is proportional to the overall 1 9 0 10 substitution rate in a gene (Yang 1998), and is a prominent form of variation in the phylogenetic 1 9 1 information across gene trees (Duchêne et al. 2020 ). These results are consistent with recent 1 9 2 work that emphasized the importance of heterogeneity in the data rather than the overall Phylogenomic analysis can potentially be improved by focusing analyses and 1 9 6 interpretation of results according to loci with particular patterns of rate variation across lineages. of rate constancy versus one allowing rate variation (Felsenstein 1981). However, not all forms 1 9 9 of rate variation across lineages are problematic for phylogenetics. One approach that might 2 0 0 benefit phylogenomic studies is to identify the loci that have extreme patterns of rate variation 2 0 1 among lineages and exclude them from analyses. Loci can then be retained for analysis when 2 0 2 they contain patterns of rate variation across lineages that are mild and recurrent across multiple Some of the extreme forms of variation in root-to-tip distances that lead to poor 2 0 6 phylogenetic accuracy might be unrelated to variation in evolutionary rates across lineages. For Variation in root-to-tip distances might also be an artefact of data preparation, rather than 2 1 4 model performance. If model performance was a primary driver of phylogenetic accuracy, then 2 1 5 we expect poor accuracy to be strongly associated with low stemminess (Revell et al. 2005) . One 2 1 6 wide-ranging solution to errors in data preparation is to identify and remove any taxa that have a 2 1 7 highly variable position in a each given gene tree, also known as "rogue taxa" (Aberer et al. phylogenomic studies of the relationships at a specific branch of the tree can benefit from 2 2 0 identifying genes with a highly decisive signal (Fong et al. 2012) or those with the signal of a 2 2 1 long branch separating the taxa in question (Chen et al. 2015) . Given that multiple factors can 2 2 2 affect branch-length estimates, using a mixture of methods that identify possibly misleading 2 2 3 genes as well as lineages is likely to be effective for data filtering in phylogenomics.
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We found that branch support strongly explains our measures of topological accuracy. Previous work has shown that gene trees with high bootstrap branch supports are associated with that there is a concordant signal across a large number of the informative sites. Low values can 2 3 0 occur in genes that have few informative sites, have high degrees of rate heterogeneity across 2 3 1 sites, or that are affected by saturation or intragenic recombination. Therefore, mean branch 2 3 2 support is likely to provide another useful diagnostic of phylogenetic accuracy across genes. accuracy is yet to be explored (e.g., Lemoine et al. 2018; Minh et al. 2018) . The results of our study offer a basis for developing a framework for phylogenomics that 2 3 6 prioritizes the inclusion of genes with a signal of limited variation in root-to-tip distances and a 2 3 7 signal of topology that is highly concordant across sites. Our results suggest that the overall 2 3 8 substitution rate is of limited importance as long as the evolutionary process has been phylogenetic signal will be useful for selecting genes for phylogenomic analyses. 
